The geological disposal of nuclear waste is based on the multi-barrier concept, comprising various engineered and natural barriers, to confine the radioactive waste and isolate it from the biosphere. Some of the planned repositories for high-level nuclear waste will be hosted in fractured crystalline rock formations. The potential of these formations to act as natural transport barriers is related to two coupled processes: diffusion into the rock matrix and sorption onto the mineral surfaces available in the rock matrix. Different in situ and laboratory experiments have pointed out the ubiquitous heterogeneous nature of the rock matrix: mineral surfaces and pore space are distributed in complex microstructures and their distribution is far from being homogeneous (as typically assumed by Darcy-scale coarse reactive transport models). In this work, we use a synthetically generated fracture-matrix system to assess the implications of grain-scale physical and mineralogical heterogeneity on cesium transport and retention. The resulting grain-scale reactive transport model is solved using high-performance computing technologies, and the results are compared with those derived from two alternative models, denoted as upscaled models, where mineral abundance is averaged over the matrix volume. In the grain-scale model, the penetration of cesium into the matrix is faster and the penetration front is uneven and finger-shaped. The analysis of the cesium breakthrough curves computed at two different points in the fracture shows that the upscaled models provide later first-arrival time estimates compared to the grain-scale model. The breakthrough curves computed with the three models converge at late times. These results suggest that spatially averaged upscaled parameters of sorption site distribution can be used B Paolo Trinchero
Introduction
In deep geological repositories for high-level nuclear waste, radionuclides are isolated from the biosphere by various engineered and natural barriers. The natural barrier is the host formation in which the facility is constructed. In some of the prospected repositories (e.g., Forsmark in Sweden and Olkiluoto in Finland), the host formation is constituted by fractured crystalline rocks, whose efficiency as transport barrier is related to physical and chemical processes (e.g., Neretnieks 1980; Carrera et al. 1998; Cvetkovic et al. 1999 Cvetkovic et al. , 2004 Painter et al. 2008) . In fact, some of the radionuclides have a strong tendency to sorb onto the surface of reactive minerals, but they have to first diffuse into the rock matrix to have access to the available pool of sorption sites (Neretnieks 1980) .
In situ experiments have been carried out in different underground research laboratories to study the mutual interplay of diffusion and sorption processes (e.g., Winberg et al. 2000; Soler et al. 2014; Voutilainen et al. 2014) . "The heterogeneous nature of the rock matrix, in terms of both the microporous network and mineral surfaces available for sorption" was offered as plausible explanation for the "anomalous" penetration profiles observed in the Long Term Sorption Diffusion Experiment conducted at the Äspö Hard Rock Laboratory (Nilsson et al. 2010) .
Along with the recent advances in microscopic characterization methods (Steefel et al. 2015 , and references therein), increasing interest has emerged in modeling transport and reaction processes at the pore scale. This approach allows the mineralogical and textural structure of the medium to be explicitly represented.
In pore-scale reactive transport models, the interface between the pore space and the solid phases is explicitly resolved and chemical reactions are described at these interfaces (Molins 2015) . Different Eulerian numerical schemes have been used to carry out pore-scale studies of flow and transport in sandstones and carbonates (Zaretskiy et al. 2012; Bijeljic et al. 2013; Blunt et al. 2013) or to assess flow and reactive transport in both synthetic and experimentally derived media (Molins et al. 2012 (Molins et al. , 2014 ). An experimentally derived heterogeneous distribution of porosity along with a Lagrangian time-domain algorithm was recently used to study diffusion in an altered tonalite (Voutilainen et al. 2013) .
Although appealing for their ability to represent heterogeneous structures at the pore-/grain-scale, pore-scale models require specialized software, whose use and development is still mostly limited to the academia. The so-called microcontinuum approaches are interesting alternatives as they allow high-resolution mineralogical and physical data to be accurately represented while still using a "standard" continuum model with bulk-derived parameters (Steefel et al. 2015) . Microcontinuum models have been used to study weathering reactions in a fractured tuffaceous rock from Yucca Mountain (Glassley et al. 2002) and to analyze mineral dissolution rates in a Tuscaloosa sandstone sample (Lu et al. 2012) .
Here, we use a microcontinuum approach to study radionuclide transport in a synthetically generated heterogeneous fracture-matrix system. The physical and mineralogical heterogeneity is described at the grain scale. Moreover, spatial averages are used to upscale the grain-scale distribution of reactive minerals. The three resulting models (i.e., not upscaled and upscaled models) are solved using high-performance computing and the reactive transport code PFLOTRAN (Lichtner et al. 2013; Hammond et al. 2014) . All the simulation runs are carried out on the supercomputer JUQUEEN at the Jülich Supercomputing Centre (Stephan and Docter 2015) . The results are analyzed in terms of spatial distributions of radionuclides (i.e., snapshots at different times) and breakthrough curves at two different points in the fracture.
Conceptual and Numerical Model

Conceptual Model for Radionuclide Transport and Retention
We focus our analysis on a heterogeneous single fracture-matrix system, which is illustrated in Fig. 1 . The system is conceptualized as a single continuum and the drivers for solute transport are advection, molecular diffusion, dispersion and sorption onto the available reactive mineral phases. The fracture is assumed to be open (i.e., porosity equal to one), and its heterogeneity comes from variability in transmissivity (i.e., variability in fracture aperture). The heterogeneity of the matrix is described at the grain scale: grains are constituted by minerals and pore space, whereas the inter-granular porosity is conceptualized as a dense network of microfractures.
Before the radionuclide injection starts, from the fracture inlet boundary, the system is free of radionuclides. A parcel of radionuclide mass that enters the system can follow two alternative pathways: (1) move along the highly transmissive fracture driven by advection and dispersion and leave the domain through the lateral boundaries of the fracture or (2) move along the fracture and then diffuse into the low-permeability matrix, where it might eventually be sorbed onto the surface of reactive minerals.
A "typical" deep granitic groundwater from Fennoscandia ) is used to define the initial conditions of the system, whereas a diluted meteoric-type water ingresses Planar sites X − + Na + ↔ NaX 0.0
Intermediate sites
Frayed-edge sites
into the domain from the fracture inlet (Table 1) . Cesium in trace concentration (1.0 × 10 −8 mol/L) and a conservative tracer, with unit concentration, are added to the boundary water. Cations sorb via cation exchange onto biotite, which is assumed to be present in the rock matrix with a volume fraction of 0.074. The same value of biotite volume fraction was used by Sidborn et al. (2010) to study the potential ingress of oxygen into a homogeneous, initially anoxic, fracture-matrix system at Forsmark (Sweden).
The cation exchange reactions and related selectivity coefficients, which are taken from Kyllönen et al. (2014) , are listed in Table 2 . Kyllönen et al. (2014) assumed three different types of ion exchange sites similar to the model of Bradbury and Baeyens (2000) for illite: sites on basal planes (95 % abundance), interlayer sites on crystal edges (frayed-edge sites, FES) (0.02 %) and a third intermediate-type site (5 %). The same authors determined a mass cation exchange capacity for biotite, CEC m , equal to 16.3 meq/kg. The bulk cation exchange capacity is hence expressed as:
where ω is the mineral volume fraction and ρ m is the mineral density (a value of ρ m = 3.0 g/cm 3 has been used in the calculations). Here, subscripts m and b refer to mass and bulk, respectively. Kyllönen et al. (2014) observed that "K is the strongest competing cation for Cs in cation exchange processes in biotite, while Na and especially Ca compete to a clearly lesser degree." Moreover, in the authors' work a poor agreement between modeled and experimental calcium concentrations was obtained. For these reasons, calcium is not included in the exchange reactions.
The geochemical model is kept at a low level of complexity, meaning that no secondary aqueous complexes have been included. Lichtner et al. (2004) have shown that complexation could slightly reduce cesium retardation.
Synthetic Generation of Heterogeneous Matrix
The dimension of the investigated domain is 9.96·10 −2 m × 4.99·10 −1 m × 5.0·10 −2 m and is discretized with 52,827,840 rectangular cuboids. Constant refinement is used in the x and y direction (Δx = Δy = 4 · 10 −4 m), whereas variable refinement, ranging from 1.25 · 10 −5 m to 1.0 · 10 −4 m, is used in z direction, which has a total of 170 elements. 1,243,008 elements are used to represent the fracture, while the rest of the 51,584,832 elements constitute the rock matrix.
Matrix heterogeneity is generated using two discrete fracture networks (DFNs): a grainscale DFN, with a length-scale interval of 4-5 mm and fracture aperture of 6 · 10 −7 m , which represents the small microfractures between grains, and a larger-scale DFN (5-50 mm with fracture aperture 8·10 −7 m), which is used to reproduce the fewer larger-scale microfractures. Similar parameters are used to model the REPRO in situ experiment (Onkalo, Finland) and the Long Term Sorption Diffusion Experiment (LTDE-SD) at the SKB Äspö Hard Rock Laboratory (HRL) (SKB Task Force on modeling of groundwater flow and transport of solutes, SKB (2015)). Thus, the DFN model is trimmed to reproduce typical values for a fractured crystalline rock. The two DFNs are generated using the finite-volume groundwater flow code DarcyTools (Svensson et al. 2010; Svensson and Ferry 2014) . In DarcyTools, fracture orientation and spatial centers are statistically independent and follow a Poisson process. For both DFNs, fracture size follows a power law distribution with an exponent equal to 2.6.
In DarcyTools, fracture properties are then represented as grid cell conductivities and porosities in the continuum model using the formulation of Svensson (2001a) : intersecting volumes between fractures and cell control volumes are computed and contributions from all the intersecting fractures are added to the related tensors. The method has been shown to accurately reproduce the correlation, the anisotropy structure and the mean conductivity of the rock (Svensson 2001b) . Figure 2 shows the DFN used in this work and Fig. 3 shows the porosity and permeability field as represented onto the underlying grid. The flowing fracture is also assumed to be heterogeneous, and its permeability is generated using a multi-variate log-normal distribution with mean value (log 10 ) equal to −10.8 m 2 , a correlation length of 5 mm and a logarithmic (log 10 ) standard deviation of 0.6. Mineralogical heterogeneity is represented using a "top-down" approach: once the DFN is generated and represented onto the underlying grid, the resulting porosity distribution is used to distinguish between grains and inter-granular regions. Grains are assumed to contain a given amount of biotite plus other chemically inert solid phases and a very low amount of pore space (i.e., intra-granular porosity). Inter-granular regions are assumed to be constituted by a higher amount of pore space (i.e., inter-granular porosity) and chemically inert solid phases. Each grid cell of the matrix is identified as being either part of a grain or an inter-granular region.
19,401,129 grid cells of the matrix (i.e., ∼37 % of the total cells of the matrix) have minimum value of porosity (Φ = 1 · 10 −3 ), and these are identified as being part of grain regions. These cells have a biotite volume fraction (ω) equal to 0.074. In the rest of the matrix grid cells, which constitute the inter-granular regions, porosity is in the range 1 · 10 −3 < Φ < 5.2 · 10 −1 and biotite is absent. The resulting biotite volume fraction in the whole domain is 0.028. This model is denoted as discrete mineralogical (DM) and the related biotite distribution is shown in Fig. 4a . A detail of grain and inter-granular regions is shown in Fig. 5 . From the figure, it is evident that grain regions are formed by clusters of low-porosity grid cells. In Darcy-scale coarse reactive transport models, grain-scale heterogeneity would typically be represented by means of equivalent bulk parameters, which are defined over coarser grids. These equivalent parameters, which are also referred to as upscaled parameters, are typically based on some type of spatial average. Here, we define two additional models, where biotite abundance is differently upscaled over the same (fine) grid of the DM model. In the first additional model, which is denoted as continuous mineralogical (CM), biotite volume fraction is scaled linearly with porosity, using the following expression:
with subscript i the index of the i-th cell of the rock matrix. From Eq. 2, it can be noticed that a porosity threshold value is defined (Φ = 5 · 10 −2 ), above which biotite is assumed to be absent (Fig. 4b) . Equation 2 has been defined based on the assumption that the amount of biotite (and, thus, the number of sorption sites-see Eq. 1) increases with increasing solid volume fraction. The coefficients of Eq. 2 have been chosen so that the total amount of biotite in the matrix volume is the same as the DM model. In the second additional model, denoted as homogeneous mineralogical (HM), biotite is assumed to be homogeneously distributed in the matrix with a volume fraction (ω) equal to 0.028 (Fig. 4c) . The three models (i.e., DM, CM and HM) have the same amount of biotite in the rock matrix (i.e., V ω · dV is the same for the three models) and this also means that the total amount of cation exchange sites is the same. 
Numerical Model
The groundwater flow calculation, which was solved on a desktop workstation, was carried out using DarcyTools over a slightly bigger domain. Darcy's law is used to solve the groundwater flow problem. Steady-state conditions are assumed and pressure is prescribed at the low and high y boundaries, with a difference in pressure of 49.05 Pa. All other boundaries are of the zero flux type. Although the mean hydraulic gradient is oriented along the y-axis, due to the fracture heterogeneity, important local x components of velocity can be observed (Fig. 6) .
The three reactive transport calculations were solved using the massively parallel finitevolume code PFLOTRAN, which was run on the supercomputer JUQUEEN at the Jülich Supercomputing Centre.
A custom-made interface (i.e., interface between DarcyTools and PFLOTRAN, iDP (Molinero et al. 2015) ) was used to extract the Darcy's velocities computed by DarcyTools at the cell faces, which then were used as input for PFLOTRAN. A Dirichlet transport boundary condition is applied to the fracture inlet boundary (SOUTH in Fig. 6 ), and here is where (Table 1) , which includes cesium in trace concentration, ingresses into the domain. The other fracture boundaries (WEST, EAST and NORTH in Fig. 6 ) are open, meaning that zero diffusive gradient is considered on outflow (i.e., only advective transport is considered on outflow). Pore diffusion in the matrix is set to 1 · 10 −11 m 2 /s.
Transport of chemical components is modeled using the advection-dispersion equation. Given the very low velocities observed in the matrix (Fig. 7) , molecular diffusion is expected to be the dominant transport process in this low permeable region, whereas advection is the prevailing transfer force in the fracture. Moreover, given the heterogeneity of the matrix, higher mass fluxes are expected along inter-granular patterns (i.e., clusters of grid cells with higher porosity).
Ion exchange reactions are represented in terms of mineral-specific rock properties (see Eq. 1) and treated as bulk reactions. In each cell of the domain, perfectly mixed conditions are assumed (i.e., no chemical gradients running from the cell sides to the cell center), meaning that all the sorption sites are available for reactions. Yet, as shown in Fig. 5 , in a grain only 84 P. Trinchero et al. the external grid cells are directly exposed to the inter-granular regions, which is where high diffusive mass fluxes are expected. Thus, if δ is the characteristic length of a grid cell and if we assume that only one side of the cell is exposed to the inter-granular region, an effective surface cation exchange site density can be approximated as
Approximately 2.3 Mhours of supercomputing allocation time were used for the three calculations that span a simulation time frame of around 45 years. Details of the computational efforts of each simulation are provided in Table 3 .
Results
Snapshots of tracer concentration are shown in Fig. 8 . The tracer, which is not affected by sorption reactions, moves quickly along the fracture and, after less than 2 days, reaches the north fracture boundary. After around 0.6 years, it has diffused deep into the matrix. Slight irregularities in the matrix penetration front are attributable to the interplay between fracture heterogeneity and the (also heterogeneous) distribution of matrix porosity.
The spatial distribution of cesium at different times is shown in Fig. 9 , for the DM model, and Figs. 10 and 11, for the two upscaled models (CM and HM, respectively). As for the snapshots of tracer concentration, a logarithmic color scale has been used, which amplifies changes in concentration. Striking differences can be observed between the results of the grain-scale discrete mineralogical model (DM) and the two upscaled calculations (CM and HM). These differences are particularly evident at early times: in the DM simulation, after less than two days, the cesium diffusive front has already "travelled" almost half of the matrix thickness, whereas in the CM and HM calculations the front only affects the first few millimeters of the matrix. At the end of the simulation (i.e., 40 years), cesium has diffused into the whole matrix volume in the DM model, while the penetration front is still limited to approximately two-thirds of the matrix thickness in the two upscaled models.
In the upscaled simulations, the diffusive front is quite smooth and continuous, whereas fingers and preferential diffusive patterns are clearly visible in the results of the DM model (Fig. 12) . These finger-shaped diffusive patterns are related to the underlying discrete mineralogical heterogeneity, with sorption processes taking place only in the grains (Fig. 13) . Looking in detail at a single grain (zoom in Fig. 13 ), one can notice that cesium is strongly sorbed in the external cells (i.e., those grid cells of the grain that are directly exposed to the inter-granular regions). Concentration gradients, which run from the grain sides to the grain center, are clearly visible.
The breakthrough curves computed at the middle and the north boundary of the fracture (Fig. 6) are shown in Fig. 14. All the concentrations are normalized by the related concentration in the boundary water. After some hours from the beginning of the injection, the tracer concentration starts to rise and, after around 1 year, approaches a plateau value. At the north boundary, this value is slightly below one as a result of mass loss through the east and west fracture boundaries.
The cesium breakthrough curves computed by the three models show striking differences and similarities. The upscaled models provide later estimates of the first-arrival time, which is here defined as the time when the concentration rises above 1 % of the concentration at the inlet boundary. The DM model provides an estimate for the first-arrival time of around 0.05 years at the middle point and 0.6 years at the north boundary, whereas the prediction of the CM and HM models is, respectively, around 4.5 and 5.1 years at the middle point and 4.6 and 5.6 years at the north boundary. Of equal interest is the late behavior of the three curves, with the three solutions converging to the same point. This indicates that, at late times, the signature of grain-scale heterogeneity is partly smoothed out.
The aforementioned dichotomy seems to suggest that, when modeling radionuclide transport in fractured rocks, equivalent (spatially averaged) distributions of sorption sites can reliably be used to estimate the late-time behavior of the radionuclide breakthrough curve but they can lead to severe overestimations of the first arrival. 
Fig. 14 Cesium breakthrough curves (dashed lines) computed with the three models at a the middle point of the fracture (red dot in Fig. 6 ) and b at the north fracture boundary (green dot in Fig. 6 ). The breakthrough curve of the conservative tracer is also shown (continuous line). Concentrations are normalized by the concentration of the boundary water
Summary and Conclusions
We used a microcontinuum approach to investigate the implications that grain-scale mineralogical heterogeneity has on radionuclide transport in a synthetically generated single fracture-matrix system. We compared the results of a mineralogically heterogeneous model (DM) with the results of two upscaled models (CM and HM), where the heterogeneous distribution of minerals (and, thus, of sorption sites) is smoothed out using spatial averages. Our analysis leads to the following conclusions:
-In the DM model, cesium penetrates into the matrix at faster rates.
-In the DM model, the cesium penetration front is finger-shaped, whereas in the CM and HM calculations a smoother and more continuous front is observed. -Despite relying on bulk parameters, the microcontinuum approach captures the intrinsic nature of sorption processes, with reactions occurring prominently at the interface between grains and inter-granular regions (e.g., Rhoades 1982 ). -Important differences are observed when comparing the cesium breakthrough curves computed at the middle point and the outlet boundary of the fracture:
-The CM and HM models overestimate dramatically the radionuclide early-arrival time -At late times the three breakthrough (i.e., DM, CM and HM models) curves converge to the same point.
These last points suggest that when modeling radionuclide transport in fractured crystalline rocks, spatially averaged upscaled parameters of sorption site distribution can be used to predict the late-time behavior of breakthrough curves but could be inadequate to simulate the early behavior.
